This paper investigates how well the rainfall regime on which many livelihoods depend, in Ghana is well represented by the Coordinated Regional Climate Downscaling Experiment (CORDEX). The objective of the study is to demonstrate how well the ten CORDEX models are able to capture the spatial and temporal rainfall seasonality over the southern and northern sub-sections of Ghana. The choice of the sub-sections is based on the fact that south of 8˚N experiences a bi-modal rainfall regime while the north has a uni-modal regime. The results indicate that the rainfall over Ghana is associated with high levels of variability at the inter-annual time scale. Particularly over the southern part of Ghana, all the models follow the same trend as represented over Ghana with similar rainfall values as the observation. Over the northern part of Ghana, models record relatively low rainfall agreeing with the observation. However, most of the models overestimate the northern region rainfall as it is in the case of the southern Ghana. CORDEX as shown in this analysis could be useful in providing Ghana with at least 10 different model outputs for impact analysis. Caution is however given that, since individual models give different performance and the fact that models in general have their inherent deficiencies, an ensemble mean of the models could provide a better result.
Introduction
Africa's contribution to global climate change problem is only estimated to be between 2% to 4% [1] , although the continent stands to suffer the most from the impacts of climate change [2] . This is as a result of climatic and non-climate factors that affect the economies of subSaharan African (SSA) countries. For example, SSA countries are located within the lower latitudes and therefore their agriculture is vulnerable to a changing climate of an increasing temperature that are likely to offset any precipitation increases through enhanced evapotranspiration [3] . The economies are also overly dependent on climate sensitive sectors like agriculture, energy and eco-tourism, which have fundamental problems like low mechanization and lack of infrastructure. In view of this, climate knowledge especially the ability to predict the future climate would go a long way to help Africa's economic development and improving livelihoods. Despite the need for climate information for development in SSA, the region lags behind every part of the world in terms of expertise in climate science [4, 5] , especially in the area of long term prediction [6] . Lack of climate data [7] , low wages and loss of climatologist to Europe and North America are often cited as some of the problems that have created the low pool of expertise in Africa. In many parts of the continent, meteorological networks are hugely under-funded and are in the state of deterioration. The networks are generally sparse and often report meteorological data with significant delays [8] . The network coverage over Africa has a density of just one per 26,000 km 2 which is eight times lower than the World Meteorological Organization (WMO) minimum recommended level [9] . In addition, there are very few universities actively involved in climate research in Africa, and their capacities are very limited [5] . According to [10] as quoted by Owusu et al. (in press ), modelling capacity, be it a General Circulation Model (GCM) or a downscaled model, is highly lacking in Africa such that many modellers tend to rely on only one model output for their analysis.
Due to the lack of capacity, rainfall modelling in Af-rica is limited beyond South Africa and North Africa. In Ghana very little has been done in terms of climate modelling. However the economy of the nation depends highly on climate sensitive sectors like agriculture and hydro-electricity supply. For instance, agricultural contribution to Gross Domestic Product (GDP) is around 30%, although it employs over 50% of the labour force [11] . The Akosombo and Akuse hydro plants on the Volta river supply over 70% of Ghana's electricity needs [12] with a new dam near completion on the Black Volta.
There is the need to develop models that can clearly represent rainfall and its characteristics for impact assessment on such dams in order to minimise Ghana's vulnerability to climate change and its associated weather extremes. For the purpose of water resource management in Ghana and especially for rain-fed agriculture, it is also important to examine rainfall properties such as spatial distribution and seasonality.
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The Coordinated Regional Climate Downscaling Experiment (CORDEX) which aims among other things at providing regional climate scenarios for impact assessment is also filling the gap of the lack of local capacity in many regions in Africa. However, for individual nations to fully benefit from the CORDEX output, that nation's climate should be well represented by the CORDEX models. This paper therefore investigates at the very basic level, how well the rainfall regime of which many livelihoods depend on, in Ghana is well represented by CORDEX. The objective is to demonstrate how well the ten CORDEX models are able to capture the spatial and temporal rainfall seasonality over the southern and northern sub-sections of Ghana at Latitude 8˚N partition. This partition is based on the fact that south of 8˚N experiences a bi-modal rainfall regime while the north has a uni-modal regime [13, 14] . The rainfall over the West African region and Ghana is associated with high levels of variability at the interannual and most importantly at the multi-decadal scale [15] . It is therefore important for models simulating rainfall over the sub-region to be able to capture both the regimes and variability.
Study Area
The study focuses on the Republic of Ghana which for the purpose of this work is defined within latitudes 4.5˚N to 11.5˚N and Longitudes 2.5˚W and 0.5˚E. The country is divided into a Southern zone below latitude 8˚N and Northern zone above the same latitude (Figure 1) . The Southern zone is characterised by a bi-modal rainfall regime with a major rainy season from late March to early July and a minor rainy season from late August to November [16] . Between the two rainy seasons is a welldefined short dry season which is important for agricultural purposes in terms of minimizing post-harvest losses and also helps land preparation for the minor season crops [15] . The Northern zone has a uni-modal regime with the rains starting in June and ending in October. This gives rise to a single crop production in a season under the rainfed agriculture practiced in the zone. The long dry season known in West Africa as Harmattan follows the end of the rains in both zones of the country.
The dominant climate systems that drive the rainfall regimes are the Inter-Tropical Convergent Zone (ITCZ) and its associated North-East and South-West seasonal winds called the monsoon [17, 18] . Other important drivers are the African Easterly Waves (AEWs) and Tropical Easterly Jets (TEJs). The El Nino Southern Oscillation phenomena and changes in the Atlantic Sea Surface Temperatures (SSTs) have also been identified by [13] [14] [15] [16] [17] [18] [19] as significantly contributing to interannual rainfall variability over Ghana.
For instance, it is noted that a warm SSTs induces more rainfall whilst the reverse causes reduced rainfall in the southern half of Ghana [13] . Additionally, the warm phase of the El Nino is associated with reduced rainfall whilst La Nina is associated with more rainfall over Ghana [16] .
Data and Methods
This study used ten available models from the Coordinated Regional Climate Downscaling Experiment-COR-DEX [20] [21] [22] . The Regional Climate Model (RCM) simulations were performed at various institutions indicated in Table 1. Table 1 also contains the list of the RCMs, their short names and used in the study. Most of the simulations are on the same rotated grid with 0.44˚ horizontal resolution and all data sets on other grids are remapped to this reference grid. In the experiments, as documented in [20] [21] [22] , each RCM simulation is forced on the lateral boundary with the third generation EC- The simulations are done for the present day climate (1 ana is defined here as th
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re the interannual variability in the ob-989-2008) and carried out at a resolution of about 50 km over a predefined CORDEX Africa domain ( Figure  1) . Eight of the ten RCMs employ the ERA-Interim Sea Surface Temperature (SST) for ocean boundary conditions. The ICTP-RegCM uses the NOAA weekly optimum interpolation SST while CRCM uses the AMIP2 SST. We use UDEL (1998-2010) satellite-gauge combination [24] for model comparison.
The rainfall climatology over Gh e average rainfall in June-July-August-September (JJ-AS) for 1989 to 2008 inclusive. The months for the raining seasons is chosen strategically to cover the raining seasons of both southern and northern Ghana delineated at Latitude 8˚N. The Hovemuler diagram presents a Time-Latitude plot showing the interseasonal rainfall over Ghana averaged between 3W and 1E. The interannual rainfall variation is averaged over 4.2N to 11.5N and 3W to 1E.
The mean stat 2008 period is shown in Figure 2 . The models agree reasonably well in terms of the spatial distribution of the mean rainfall. Simulated rainfall climatologies of JJAS are generally consistent with observations for all models except for CNRM-ARPEGE and CCLMcom-CCLM. The models generally capture the spatial variability of rainfall with maxima well represented over the northern part of Ghana. In particular, the regional models are consistent in showing that rainfall is low over the southern part of Ghana. However, CCLMcom-CCLM shows its minimum rainfall of an amount below 1 mm/day over the middle part of Ghana and CNRM-ARPEGE shows a uniform spatial rainfall over the country.
The latitudinal shift in rainfal rated with a time-latitude diagram shown in Figure 3 . The figure presents a picture of the West African monsoon jump. From the figure, all the models except the CNRM-ARPEGE depict the two peaks of the raining season of the southern part and the single peak of rainfall of the northern part of Ghana well.
The interannual cycle of rainfall igure 4) is well reproduced by most of the models though with different values between 2.5 and 5.0 mm/ day. The models peak at wet years and have low values during dry years. All models except DMI agreed with observation that 1999 was a wet year. However, most of the models missed the peak of 1995. In all, the models except CLMcom-CCLM and KNMI-RACMO overestimate rainfall throughout the years and DMI-HIRHAM shows higher values.
For more informatio udy area is divided into two climatic zones, the northern and the southern Ghana. Over the southern part of Ghana (Figure 5 ), the models follow the same trend of interannual rainfall as it is over Ghana with similar rainfall values of the models and observation. The northern part of Ghana records relatively low rainfall. Most of the models overestimate the northern region rainfall ( Figure  6 ) as it is in the case of the southern Ghana. Both CLMcom-CCLM and KNMI-RACMO underestimate the rainfall in most years but CLMcom-CCLM shows much lower rainfall values of below 2.2 mm/day throughout the years.
The models captu servation reasonably well. As known over Ghana, the rainfall range is between 1 and 14 mm/day as the models indicate and also southern part is mostly dry in comparison to the northern part of Ghana. However, the climatological map provides only less information. In Figure 3 where the inter-seasonal rainfall is shown with a Hovemuler plot, the monsoon jump is clearly shown by all the models as known over West Africa in July/August [25] . low me The available period of the simulation is 1989 to 2008. The pattern discussed above is not clearly shown by the models probably because of the length of the data shown. Information from observed station data over southern part and the northern part of Ghana for the exact period of the simulation supports the augment that most of the models are representing the rainfall characteristics of Ghana.
Conclusion
In all, the simulations analyzed here show that the RCMs reproduce fairly well the rainfall characteristics but exhibit different deficiencies and show mixed results in terms of outperforming the driving field, indicating a substantial sensitivity of RCMs to regional and local processes. This confirms the need to use multi-model ensem e Gh R-DEX as shown in this analysis could be useful in providing Ghana with at least 10 different model outputs for impact analysis. The models performances suggest that they may be useful for decision making for the sectors like agriculture and water management. Caution is however given that since individual models give different performance and the fact that models in general have their inherent deficiencies an ensemble mean of the models could provide a better result.
